Abstract: This paper proposes a concept of a robotic fire-fighting system which performs fire extinguishment by a swarm of aerial extinguishers with inert gas capsules. This paper also develops a prototype of an aerial extinguisher and its control system. It is demonstrated that the extinguisher achieves flame extinguishment. This confirms a fire extinguishment ability of the proposed fire-fighting system and a mobility of inert gas capsules.
INTRODUCTION
Fire extinguishment approaches with inert gas such as CO 2 and N 2 have several advantages compared with ones with water. For example, they provide electrical insulation, they avoid water damages to constructions, electrical equipments, paper materials, etc., and they are useful in interspaces or in spaces hidden from extinguishers. When inert gas is mixed with air, the inert gas decreases in density, and the extinguishment performance also decreases. In extinguishment approaches with inert gas, inert gas is usually supplied from some distance away from fire sources, and hence the inert gas decreases in density at fire sources. Therefore, much inert gas is required to accomplish fire extinguishment.
In order to enhance the extinguishment performance of inert gas, the second author and his colleagues have proposed the fire extinguishment approach with inert gas capsules [1, 2] . This approach uses rubber balloons filled with inert gas. The inert gas in a rubber balloon is insulated from air, and the inert gas is not mixed with air until the burst of the balloon in a neighborhood of a fire source. Once the balloon bursts, the inert gas is directly supplied to the fire source. The flow is very fast, since the inner pressure of the balloon is higher than atmospheric pressure. In summary, the fire extinguishment approach with inert gas capsules supplies a high concentration of inert gas to a fire source in a short period of time.
This paper proposes a concept of a robotic fire-fighting system which performs fire extinguishment by a swarm of aerial extinguishers with inert gas, since transportation of inert gas capsules has not been discussed. The proposed fire-fighting system consists of some aerial observers and massive aerial extinguishers filled with inert gas as shown in Fig. 1 . Each aerial extinguisher has no sensors, which provides low price products. It is supposed that aerial extinguishers are disposal. Each aerial extinguisher bursts in a neighborhood of fire source, and a high concentration of inert gas is supplied to the fire source. States of aerial extinguishers and the fire condition are estimated by aerial observers. A fire-fighting strategy is planed on aerial observers or another ground station. Aerial extinguishers are controlled towards fire sources under a planed fire-fighting strategy, burst in a neighborhood of fire sources, supply inert gas to the fire sources, and accomplish fire extinguishment. Our final goal is to develop such a robotic fire-fighting system with a swarm of aerial extinguishers and to design an optimal fire-fighting strategy. This paper also develops a prototype of an aerial extinguisher and its control system. The extinguisher is a micro helicopter with a rubber balloon. No sensors are installed on the extinguisher, and the state of the extinguisher are estimated by two cameras on the ground. An estimation and control method is proposed according to visual servo control technique [3, 4] with some modifications. It is demonstrated that the extinguisher achieves flame extinguishment. This confirms a fire extinguishment ability of the proposed fire-fighting system and a mobility of inert gas capsules. The extinguisher is a micro helicopter with a gas capsule for flame extinguishment and two green markers for localization (see also Fig. 3 ). The capsule is a sphere rubber balloon with diameter 0.12 m and filled with an expired gas. Each marker is located at a distance of 0.20 m from the center of the body in the horizontal plane. The extinguisher has two rotors which share the same axis and rotate in opposite directions. A stabilizer is installed on the upper rotor head. It mechanically keeps the posture horizontal. Both the pitch and roll angles of the extinguisher converge to zero fast enough, even when the body inclines. Thus it is sufficient to control the three dimensional position and the yaw angle of the extinguisher. The four controlled variables are denoted by x, y, z and θ. We have four control signals denoted by u x , u y , u z , and u θ as illustrated in Fig. 3 . Each of them directly controls the roll angle of the lower rotor, the pitch angle of the lower rotor, the resultant force of the two rotor thrusts, and the difference of two torques generated by the two rotors, respectively.
PROTOTYPE OF A FIRE FIGHTING SYSTEM
The ground station consists of two cameras, a computer and a transmitter. The two cameras are located at (1.612, 0.581, 1.401) m and (1.606, −735, 1.399) m. Each camera captures an image at 30 frames per second. The captured image data are transferred via USB cable to the computer. The computer processes the image data, and four control signals are generated at 30 frames per second in a manner described later. The control signals are supplied through the transmitter to the extinguisher.
A flame is produced by an alcohol lamp. The lamp is fixed on the ground, and it does not move even when it is touched by the extinguisher. The flame on the lamp is not extinguished by wind caused by the two rotors of the extinguisher. On the other hand, the flame is extinguished by gas capsules used in our system. This has been confirmed by the following preliminary experiment. Ten rubber balloons with diameter 0.20 m were made. Each of them touched the flame on the lamp, and it burst. The flame was extinguished in every trial. The time period for flame extinguishment was 0.38 seconds on average and 0.48 seconds at most, where the result was taken by a high speed camera (CASIO, EXILIM EX-ZR200, 240 frames per second). Specifications are summarized in Table 1 . 
ESTIMATION
The four controlled variables x, y, z and θ are estimated in the following procedure, where it is assumed that the left-right order of the two markers is fixed in each camera and the same left-right order is maintained in the two cameras.
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For each camera, the two markers are first extracted at each time step as follows (see also Fig. 4 ). An image without the extinguisher is taken in advance, and it is called the background image. A pixel in the current image is selected as a marker component candidate, if the difference from the background image is larger than a given threshold and the hue value is within a given green range. Morphological opening is then implemented so as to fill in the missing entries. The first two largest connected components in the resulting image are determined as the markers.
Each marker position is defined by the center of the corresponding connected component. The three dimensional position of a marker in the world coordinate frame is calculated by the stereo vision principle with the intrinsic and extrinsic parameters of the two cameras. This follows from the assumptions of the left-right order of the two markers.
Let the positions o the left and right markers be denoted by (x , y , z ) and (x r , y r , z r ), respectively. It is straightforward from the geometric structure shown in Fig. 5 to derive
where is the distance between one marker and the center of the body in the horizontal plane.
CONTROL
A launch pad is set at (−0.75, 0.00, 0.00), the flame source is fixed at (0, 0, 0), and the landing site is determined at (0.00, −0.50, 0.00). The extinguisher is set on the launch pad. The goal in this paper is to control the extinguisher from the launch pad to the flame source and to spend more than 0.5 seconds in a neighborhood of the flame source, where recall that 0.5 seconds are enough to extinguish the flame.
The following notations are used to describe our control strategy. Let the three dimensional position and the yaw angle of the extinguisher at time step k be denoted by (x k , y k , z k , θ k ), and their desired references be represented by (x k ,ȳ k ,z k ,θ k ). In addition, let the four control signals at time step k be denoted by (u xk , u yk , u zk , u θk ).
The extinguisher is automatically controlled by the following nine control steps which include extra landing steps after flame extinguishment, where the reference for the yaw angle is always set to 0, that is,
1. Preparation for a takeoff: Set u zk = 0.8, and set the other input signals to zero, which does not yield any takeoffs and which produces a smooth takeoff at the next takeoff step [5] . After 0.5 seconds, setz k to a certain initial value and go to the next. 
where t k is the time at time step k andt is the time when this moving-down step starts. In addition, apply the PD controller. Go to the next, when z k reaches the minimum of the quadratic function (6), that is,z k = 0.200. 
RESULT
Flame extinguishment has been performed by the proposed prototype of an aerial fire fighting system with the proposed estimation and control method.
Figures 6 and 8 show motion of the extinguisher in an experimental result on flame extinguishment. The extinguisher took off automatically, and it moved almost along with the reference. Although the trajectory of the extinguisher was sometimes different from the reference, the position of the extinguisher was adjusted at the two hovering points.
Flame extinguishment in the result can be confirmed in Fig. 7 . The flame was extinguished at 11.1 seconds. It is seen from Fig. 7 that the extinguisher hovered just over the flame while the capsule touched the flame, the capsule then burst, and the flame was finally blown out by the gas.
After the flame extinguishment, the extinguisher was still controlled until the landing. The motion after the extinguishment is not so significant, since our research goal includes development of disposal aerial extinguishers.
CONCLUSION
This paper has proposed a concept of a robotic firefighting system which performs fire extinguishment by a swarm of aerial extinguishers with inert gas. The proposed fire-fighting system consists of some aerial observers and massive aerial extinguishers filled with inert gas. Aerial extinguishers are controlled towards fire sources under a planed fire-fighting strategy, burst in a neighborhood of fire sources, supply inert gas to the fire sources, and accomplish fire extinguishment. It is supposed aerial extinguishers are disposal and low cost. Aerial observers estimate states of aerial extinguishers and the fire condition. Our final goal is to develop a robotic fire-fighting system with a swarm of aerial extinguishers and to design an optimal fire-fighting strategy. The authors believe that the proposed fire-fighting system further enhances the performance of fire extinguishment approaches with inert gas and has a contribution to firesafety in future. This paper has also developed a prototype of an aerial extinguisher and its control system. The extinguisher is a micro helicopter with a rubber balloon. The state of the extinguisher are estimated by two cameras on the ground, and the extinguisher is controlled by a visual servo control technique. An experimental result confirmed a fire extinguishment ability of the proposed fire-fighting system and a mobility of inert gas capsules.
It is clear that the proposed prototype of aerial extinguishers is not suitable for transportation of inert gas capsules, since wind caused by the two rotors makes control difficult. In addition, the wind may make fires bigger. The authors suppose a blimp type of aerial extinguishers rather than a helicopter type of ones as a next prototype, since blimps with light gas require weaker rotor powers than helicopters. 
